In many experiments with X-and -y-rays, microorganisms are suspended in an aqueous solution during irradiation; consequently, the cell concentration may be an important variable. Studies under these conditions may also be complicated by changes in the suspending medium at the time of irradiation resulting from metabolic activities whose nature and magnitude will vary with the species under investigation. In general, such changes will be proportional to the cell concentration.
When concentrated suspensions are employed, even though exogenous substrate is not present, one must consider the possibility of a diminished oxygen tension in the medium resulting from an imbalance between the rate of endogenous oxygen consumption and the rate of diffusion into the medium. It is well established that the sensitivity of organisms to X-rays declines markedly as the PO2 falls below a critical level (Anderson and Turkowitz, 1941; Gray et al., 1953; Morse et al., cited by Hollaender and Stapleton, 1953) .
The few studies dealing with the relation of cell concentration and sensitivity to X-and -yrays have been carried out with Escherichia coli. Lea and Haines (Lea, 1946) reported that the concentration could be varied from 104 to 109 cells/ml without changing the per cent inactivation per unit dose. However, Hollaender et al. (1951) stated that sensitivity was a function of cell concentration and that the greatest change in sensitivity occurred at 107 cells/ml and below. Biagini (1953) found the per cent inactivation to be constant over the range of 10-10 to 10-4 g/ml and then to decrease at higher concentrations.
Experiments with four species of bacteria and two strains of yeast were, therefore, carried out 1 The Radiological Laboratory is one of the research and development installations of the U. S.
Atomic Energy Commission.
with the following questions in mind. First, does X-ray sensitivity (LD50) depend on the concentration of the cells in the irradiated suspension? Second, if so, will a decrease in oxygen tension of the medium account for the dependence? Third, could the endogenous respiration of the cells be responsible for such decreased oxygen tension?
MATERIALS AND METHODS
The cultures and the techniques for preparing the cell suspensions, irradiating them with 250-kvcp X-rays, and determining the viable cell counts have been described in detail -elsewhere (Gunter, 1954; Gunter and Kohn, 1956) .
Cells harvested from 16-to 18-hr yeast agar or yeast-glucose agar plates were washed two or three times in potassium phosphate buffer, pH 7, containing magnesium sulfate (0.002 M). The organisms and the buffer concentrations were:
Pseudomonas fluorescens, 0.1 M; Saccharomyces cerevisiae, haploid and diploid strains, and E. coli strains W-1485 and K-12, 0.05 M; Rhodopseudomonas spheroides, 0.025 M; and Azotobacter agile, 0.01 M. The suspensions were shaken with glass beads to disperse clumped cells. The cell concentration of a diluted sample was estimated photometrically and the stock suspension was then diluted to give aliquots of the desired cell concentrations. The culture methods and, consequently, the maximum cell concentration of the suspension attainable were limited somewhat by the laboratory facilities available.
The suspensions were irradiated in Teflon cups (1.7 cm diam), 1 ml per cup. The depth of the suspension was about 0.45 cm and the surface area was 0.7 cm2. The cups were placed within a sterile aluminum exposure box which was fitted with inlet and outlet tubes so that the atmosphere within the chamber could be changed by passing a given gas through it before and during irradiation. Oxygen from a com-422 In a third series of experiments, the rate of oxygen consumption at 26 C was determined for suspensions containing 2 X 109 to 2 X 1011 cells/ml prepared in the same manner as those used in the irradiation experiments. Standard manometric methods were employed (Umbreit et al., 1949) . The vessels were shaken during the experiment to determine the maximum endogenous respiration rate under conditions of adequate aeration. For each organism except the haploid strain of S. cerevisiae, the cell concentration was adjusted so that accurate determinations could be made of the rate of oxygen consumption by cells in equilibrium with air. In the case of the haploid strain of S. cerevisiae, the oxygen consumption of the most concentrated suspension that could be prepared readily (2 X 109 cells/ml) was too small for measurement. The results were expressed in terms of the Qos, ,uL 2 consumed per mg dry weight of cells per hour, and the Qo2 (1010 cells), ,L 02 consumed The lower boundary of the critical range is the sub-critical cell concentration, defined as the highest concentration at which survival was found unchanged. The critical range for each organism listed in table 2 was determined from the points plotted in figures 1 to 4.
The results are in agreement with those of Lea and Haines (cited by Lea, 1946) , who found no change in the sensitivity of E. coli when the cell concentration was varied from 104 to 109 cells/ml. For comparison with the data of Biagini, we have converted the cell concentrations from cells/ml to g/ml, using the data in table l. With E. coli strain B, Biagini found the LD37 increased 100 per cent when the cell concentration was increased from 1 X 10-4 to 1 X 10-3 g/ml. In the present experiments with E. coli strain W-1485, the LD50 increased from 75 to 100 per cent when the cell concentration was increased from 1.98 X 10-3 to 3.63 X 10-3 g/ml. The critical concentration range reported by S. cereOn the basis of the foregoing evidence, the following conclusions were drawn for unshaken ermine if cell suspensions. The increase in LD50 found at be dimin-high cell concentrations is the result of a fall in f oxygen oxygen tension within the suspension. The de-1956] t Rate of oxygen flow = 60 cc/sec; in all others, rate of oxygen flow = 10 cc/sec. crease in oxygen tension occurs when the rate of oxygen consumption, due to cellular respiration, exceeds the maximum rate at which oxygen can diffuse into the suspension. The over-all rate of oxygen utilization by a suspension is proportional to the cell concentration, and the discrepancy between utilization and diffusion occurs only when the cell concentration has been increased beyond a critical value that is characteristic of the strain and experimental conditions. The decrease in oxygen tension must occur both within the cells and in the medium, and it would be interesting to know which of these is the more important. A distinction cannot be made on the basis of the present experiments, however.
These results for endogenous respiration are analogous to those of Stapleton et al. (1952) , who correlated the protective action of certain organic compounds with their utilization as respiratory substrates by concentrated suspensions of E. coli strain B/r. The authors suggested that protection resulted from a reduction of the oxygen tension. Biagini (1953 Biagini ( , 1955 , however, explained his results on the basis of the number of free radicals per cell, which is influenced by cell concentration and the rate of radical recombination. Since the effect of cell concentration on the radiation sensitivity of microorganisms can be explained very simply by relationships which have been well established by manometric and radiologic investigations, we believe the complex hypothesis offered by Biagini is unnecessary, at least for the concentrations investigated by us. Furthermore, if one compares the dimensions of a bacterium with typical values for the path length of a free radical, it seems likely that such concentration effects could only occur intracellularly.
It should be noted that the critical cell concentration and the critical concentration range are not fixed values but depend on the inherent respiratory activity of the cells, the presence or absence of substrate, and the experimental conditions which determine the rate of oxygen diffusion into the suspension. The practical importance of cell concentration in influencing both the LD5o and the reproducibility of results is obvious. Lack of control of this factor undoubtedly accounts for many of the discrepancies in the results of different investigators in the past, particularly when organisms were irradiated in the presence of substrate. For experiments with concentrated suspensions, it is desirable that a strain with minimal Qo, (cell) be used. From this point of view, the haploid strain of S. cerevisiae used in this work is an ideal organism (table 2).
SUMMARY
The effect of cell concentration on the sensitivity of bacteria and yeast to irradiation with 250-kvcp X-rays was investigated. During exposure the cells were suspended in an unshaken, neutral, inorganic medium, in contact with air, at concentrations which ranged from 2 X 102 to at least 2 X 109 per ml. The criterion of survival was the ability to form macrocolonies when incubated on a complete medium.
The LD50 of Saccharomyces cerevisiae, haploid, was constant for concentrations up to 2 X 109 cells/ml, the highest tested. The LD50 values of Escherichia coli, Pseudomonas fluorescens, and Rhodopseudomonas spheroides were constant to 2 X 109 cells/ml but were increased by a factor of 2 or more when the cell concentration was raised above this level.
The sensitivity of Azotobacter agile and Saccharomyces cerevisiae, diploid, was decreased markedly by increasing the cell concentration of A. agile above 2 x 108 cells/ml and that of S. cerevisiae above 2 X 107 cells/ml.
Shaking the suspensions in contact with air or oxygen eliminated the increase in survival at the high concentrations in every case. From these results and a study of the rates of endogenous respiration, it was concluded that the increased survival at high cell concentrations was caused by the decreased oxygen tension which resulted from an imbalance between the endogenous respiration of the cells and the diffusion of oxygen into the suspension.
